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Abstract
Alternating adaptation to red and green luminance-varying gratings of diﬀerent spatial frequencies simultaneously induces op-
posing color-selective size aftereﬀects (Blakemore & Sutton, 1969) in the same retinal locus. With single-color adaptation, the af-
tereﬀect is larger and aﬀects test patterns of both colors, though not equally. The color-insensitive portion of the eﬀect shows very
substantial interocular and cross-orientation transfer. The color-selective aftereﬀect, which accounts for about 1=3 of the total eﬀect,
is highly selective for both orientation and eye of origin. Thus, both color-selective and color-insensitive mechanisms participate in
determining the perceptual characteristics of luminance-varying patterns.
 2002 Published by Elsevier Science Ltd.
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1. Introduction
The extraordinary perceptual salience of color and
the massive neural investment in its analysis suggest that
color vision must be of great importance in the funda-
mental visual task of pattern perception. The adequacy
of vision without color and the poor space-time reso-
lution of the visual system when only color diﬀerences
are present (Kelly, 1974; Van der Horst & Bouman,
1969; Van der Horst, De Weert, & Bouman, 1967),
however, suggest that color vision might be more of a
luxury than a fundamental mechanism underlying pat-
tern vision. We and many others (Mullen, 1985; Web-
ster, De Valois, & Switkes, 1990, etc.) have attempted to
determine how eﬀectively the system responsible for
color vision can detect and discriminate among patterns,
and thus how useful color might be. Most of these
studies have used isoluminant chromatic stimuli, pat-
terns that contain only color contrast but no luminance
contrast, and compared these with isochromatic stimuli
that contain luminance contrast but no color diﬀerences.
In nature, though, both luminance and color diﬀerences
are associated with most visual stimuli, and theoretical
considerations argue that simultaneous sensitivity to
both dimensions would be advantageous.
Many previous reports are consistent with analysis by
mechanisms selective along both luminance and chro-
matic dimensions. For example, Rovamo, Hyvaerinen,
and Hari (1982) described a clinical case in which sen-
sitivity to luminance-varying patterns was contingent
upon their color. Hepler (1968), McCullough (1965) and
a multitude of related studies described color induction
in an achromatic stimulus, contingent on some other
stimulus dimension. Others have reported that a change
in appearance on another dimension can be contingent
on color; see Kitterle (1975), Mayhew and Anstis (1972)
and Virsu and Haapasalo (1973) for examples, and
Stromeyer (1978) for a review. In the realm of detection,
Finkelstein and Hood (1982) showed that chromatically
opponent mechanisms inﬂuence the detection of small,
brieﬂy presented light increments. Regan (2000) has re-
ported still other observations that suggest the involve-
ment of color-selective mechanisms in the analysis of
luminance-varying patterns. These reports (and many
others; e.g., Stromeyer, Chaparro, Tolias, & Kronauer,
1997; Webster & Malkoc, 2000; Webster & Mollon,
1991, 1994) all suggest that when the visual system an-
alyzes a luminance-varying pattern, it does so at least
partly through the use of color-selective mechanisms.
It would be of interest to examine the color-selective
component of the analysis of spatial luminance-varying
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patterns. To do so, we have measured the apparent
spatial frequencies of luminance-varying gratings of
diﬀerent colors. We chose this task because it reﬂects the
perception of explicitly spatial attributes that can be
readily divorced from perception of color. It is also a
relatively simple task that may not require the partici-
pation of complex high-order mechanisms.
We have asked to what extent spatial-frequency-
selective adaptation to luminance-varying sinusoidal
gratings is contingent upon color. We used an adapta-
tion paradigm similar to that described by Blakemore
and Sutton (1969). They reported that adaptation to
a grating of a high spatial frequency causes a subse-
quently-viewed intermediate spatial frequency to appear
shifted to a lower frequency, while adaptation to a low
spatial frequency grating makes the intermediate-fre-
quency test grating appear shifted to a higher spatial
frequency. Virsu and Haapasalo (1973) examined the
same eﬀect, looking for color selectivity. When using
alternating adaptation to diﬀerent colors and spatial
frequencies, they reported a color-selective diﬀerence in
the adaptation eﬀect. However, because they also found
evidence for some transfer of eﬀect to test patterns that
diﬀered in color from the adaptation pattern, their ul-
timate conclusion was that the Blakemore–Sutton eﬀect
was not color speciﬁc.
Favreau and Cavanagh (1981) found that it was
possible to produce simultaneous shifts in opposite
directions if subjects alternately adapted to a low-
frequency isoluminant red–green grating and a high-
frequency yellow–black luminance grating. Following
adaptation, an intermediate-frequency isoluminant red–
green grating appeared higher in spatial frequency, while
an intermediate-frequency yellow–black grating ap-
peared lower in frequency, though both were imaged on
the same region of retina. They took this as evidence for
the existence of separate, independent mechanisms that
analyze chromatic contrast and luminance contrast, re-
spectively. We have used a similar approach to ask
whether there might be separate mechanisms that ana-
lyze red luminance-varying patterns and green lumi-
nance-varying patterns, when all stimuli are equated for
space-averaged luminance and luminance contrast, and
none contains color contrast.
A related question is whether a color-indiﬀerent
mechanism operates under the same conditions. If color-
selective mechanisms are involved in analyzing lumi-
nance-varying patterns, is it necessary to postulate
anything else? If both color-selective and color-indiﬀer-
ent systems operate, how do they compare?
2. Methods
Stimuli for all experiments were luminance-varying
Gabor patterns, one-dimensional sinusoidal gratings
weighted by a two-dimensional Gaussian function. The
spatial luminance proﬁle of such a pattern is:
Lðx; yÞ ¼ L0f1þ C exp½ðx2=r2x þ y2=r2yÞ cosð2pfxþ /Þg
where L0 ¼ mean luminance, C ¼ grating contrast,
rx ¼ horizontal standard deviation of the Gaussian
window, ry ¼ vertical standard deviation of the Gauss-
ian window, f ¼ spatial frequency, and / ¼ grating
phase. All stimuli were equal in spatial extent; rx ¼
ry ¼ 1:8 deg visual angle. Luminance contrast (C) of all
patterns was 0.5, where contrast ¼ ðLmax  LminÞ= 2Lmean.
Nominal mean luminance (L0) was 6.7 cd/m2; the actual
red and green stimuli used were individually equated for
sensation luminance (Kaiser, 1988) for each observer.
Patterns could be either isochromatic red (CIE 1931
chromaticity, x ¼ 0:604; y ¼ 0:353) or green (x ¼ 0:267;
y ¼ 0:590). Each Gabor patch was presented against
a 31:3 deg 
22:6 deg background of the same chro-
maticity and mean luminance. Except where explic-
itly noted below, all Gabor patches were vertically
oriented. All sets of patterns were made up of two
Gabor patches with a lateral center-to-center separa-
tion of 7.3 deg. A small ﬁxation cross was centered be-
tween the two.
Stimuli were presented on Sony CRTs under the
control of a PC with a Cambridge Research Systems
VSG 2/4 graphics system. The monitor spatial resolution
was 1024
 768 at a frame rate of 72 Hz, with 15-bit
grayscale resolution. The computer controlled the pre-
sentation of stimuli and collected subjects’ responses.
One subject (JH) is an author and was aware of the
aims and progress of the experiment. AK, JI, and RW
were well trained, na€ıve, paid observers and students at
the University of California. All subjects had normal or
corrected-to-normal acuity and normal color vision as
assessed by the HRR Plate Test and the Farnsworth-
Munsell 100-Hue Test. Viewing was binocular (unless
otherwise speciﬁed below) using natural pupils at a
distance of 61 cm. Head position was stabilized by a
chin rest.
During the initial adaptation, subjects adapted for
150 s to a display in which the screen alternated between
red and green at a rate of 1 Hz. Gabor patterns were
presented on both sides of ﬁxation. In one example
condition, when the screen was red, the pattern on the
left had a spatial frequency of 4 c/deg, while that on the
right was 1 c/deg. In Experiment 1, when the screen
color changed, the two patterns were exchanged. In the
example given, when the screen became green, the pat-
tern on the left was 1 c/deg, while that on the right was 4
c/deg. In Experiment 2, patterns were presented in one
color and exchanged with a blank ﬁeld of the opposite
color (Fig. 1). During the adaptation period, each pat-
tern was phase shifted at 6 Hz. The phase of the pattern
was randomly selected every 1/6 s from a set of three
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phases separated by 120 deg. The ﬁrst phase was ran-
domly chosen at the beginning of the adaptation period.
Following the initial adaptation period, the pattern
disappeared and the screen changed to a blank ﬁeld in
the (randomly chosen) color to be presented on the
subsequent trial. The ﬁeld remained blank for 500 ms.
Two Gabor patches were then presented for 500 ms. The
reference pattern on the left always had a spatial fre-
quency of 2 c/deg. On a given trial, the spatial frequency
of the test patch on the right could be any of 4–7 pre-
selected frequencies (method of constant stimuli). After
pattern oﬀset, the screen retained the color of the test
trial but otherwise remained blank until the subject re-
sponded. The subject’s task on each trial was to indicate
which of the two test patterns appeared higher in spatial
frequency. A 6 s adaptation top-up period (with alter-
nating colors and patterns) was then presented and
followed by the next trial.
In diﬀerent sessions, all combinations of adaptation
pattern color, spatial frequency and position were used
and balanced. In any given session, the adaptation
condition was constant across runs; the order of adap-
tation conditions was pseudorandomly determined. Only
one session was run per day.
Initial sessions were run using two randomly inter-
leaved adaptive staircases (one for red test trials and one
for green test trials) to determine the approximate test
patch spatial frequency on the right necessary to match
the apparent spatial frequency of the 2 c/deg reference
pattern on the left. The test spatial frequencies to be
used in the method of constant stimuli were based upon
initial estimates derived from the staircase sessions. The
4–7 spatial frequencies used were evenly spaced on a
logarithmic frequency scale. In the method of constant
stimuli, as in the staircase sessions, test trials with red
and green screens were randomly interleaved, each color
Fig. 1. Examples of adaptation and test stimuli from two experiments. The upper left shows representations of adaptation stimuli from Experiment
1. In this example, the pattern contained a 4 c/deg Gabor patch on the left and a 1 c/deg patch on the right when the screen was red, and 1 c/deg on
the left and 4 c/deg on the right when the screen was green. These alternated at 1 Hz. In the upper right part of the ﬁgure are representations of
adaptation stimuli from Experiment 2. Here the screen is uniform when it is green but contains two Gabor patches when it is red. In the lower part of
the ﬁgure is a representation of two test trials. On any given trial the screen could be either green or red. Similar Gabor patches were presented in
either case.
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associated with its own set of test spatial frequencies.
Each session comprised 10 trials at each test spatial
frequency for each color. Five sessions were run on each
condition; thus, each data point is based upon 50 trials.
Following data collection, the full psychometric
function for each condition was subjected to probit
analysis (Finney, 1971) to estimate the point of subjec-
tive equality (PSE), the test spatial frequency that ap-
peared to match the spatial frequency of the 2 c/deg
reference pattern.
3. Results
3.1. Experiment 1
3.1.1. Two-color adaptation
In this experiment, the screen color alternated be-
tween red and green during adaptation. When the screen
was red, the adaptation pattern on the left was 1 c/deg
(or 4 c/deg in diﬀerent sessions) and 4 c/deg (or 1 c/deg)
on the right. When the screen was green, the adaptation
pattern on the left was 4 c/deg (or 1 c/deg in diﬀerent
sessions) and 1 c/deg (or 4 c/deg) on the right (Fig. 1A).
The adaptation patterns present when the screen was
red, say, should produce apparent spatial frequency
shifts in opposite directions on the two sides of the
screen. The 2 c/deg red reference pattern (presented on
the left) should shift toward higher apparent spatial
frequencies because that region adapted to a 1 c/deg red
Gabor pattern. At the same time, the 4 c/deg red ad-
aptation pattern on the right will cause the apparent
spatial frequency of the test pattern (also presented on
the right) to shift lower. Thus, the test patterns (pre-
sented on the right) will have to be set to higher spatial
frequencies to match the apparent spatial frequencies of
the reference patterns (presented on the left). At the
same time, the opposite should occur for green if the red
and green patterns selectively adapt diﬀerent mecha-
nisms. This is exactly what we observe.
Fig. 2 presents results for four subjects on Experi-
ment 1, in which adaptation alternated between red and
green patterns. In Fig. 2, the left side adaptation pattern
was 1 c/deg when the screen was red, and 4 c/deg when
the screen was green. The adaptation pattern on the
right side was 4 c/deg when the screen was red, and 1 c/
deg when it was green. The psychometric functions show
the proportion of trials on which the subject judged the
test spatial frequency (presented on the right) to be
higher than the 2 c/deg reference spatial frequency pre-
sented on the left. Data from red-screen test trials (red
trials) were analyzed independently of those from green-
screen test trials (green trials). Note that the psycho-
metric functions representing red trials are shifted to the
right (toward higher spatial frequencies) of the 2 c/deg
reference spatial frequency, while the functions repre-
senting green trials are shifted to the left (toward lower
spatial frequencies). The data from all subjects show the
same trend. The respective PSEs for each subject are
shown in the upper panel of Table 1.
When the pairing of color and spatial frequency was
reversed (so that the red screen displayed 4 c/deg on the
left and 1 c/deg on the right, and the green screen was
opposite), the perceptual eﬀect was also reversed. Fig. 3
shows data from three subjects for this condition. In this
case, the PSEs for the red tests are shifted to values
substantially lower than the veridical 2 c/deg reference
frequency, while green tests are shifted toward higher
values. The corresponding PSEs are shown in the bot-
tom panel of Table 1.
Fig. 2. The proportion of trials on which the test grating was judged
higher in spatial frequency is plotted as a function of test spatial fre-
quency. In this condition, the pattern on the left side of the screen was
a 1 c/deg luminance-varying Gabor patch when the screen was red;
when the screen was green, the spatial frequency of the pattern on the
left was 4 c/deg. Filled diamonds represent data from test trials on
which the screen was red; open circles represent data from trials on
which the screen was green.
Table 1
PSE from Experiment 1 (two-color adaptation)
Subject Red test Green test
Red (1 c/deg left); green (4 c/deg left)
JH 2.12 1.85
AK 2.03 1.69
RW 2.1 1.89
JI 2.31 1.97
Mean 2.14 1.85
Red (4 c/deg left); green (1 c/deg left)
JH 1.82 2.2
AK 1.8 2.19
RW 1.94 2.12
Mean 1.85 2.17
The upper panel presents data from the condition in which red ad-
aptation patterns on the left were 1 c/deg and green adaptation pat-
terns on the left were 4 c/deg. The bottom panel presents data from the
condition in which red adaptation patterns on the left were 4 c/deg and
green adaptation patterns on the left were 1 c/deg.
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We quantify the magnitude of the spatial frequency
shift as:
Shift ¼ jRef  PSEj
where Ref ¼ reference spatial frequency ¼ 2:0 c/deg and
PSE ¼ point of subjective equality (in c/deg), of the
psychometric function. The magnitude of the spatial
frequency shift in Experiment 1, averaged across all
subjects and all test conditions, was .15(:02 s.e.m.).
The data from Experiment 1 reveal the operation of
spatial-frequency-selective mechanisms encoding inten-
sity information in a color selective manner. This raises
the question of whether only color-selective mechanisms
are adapted in this paradigm. Are there also color-
insensitive mechanisms involved? To address this ques-
tion, we performed a second experiment.
3.2. Experiment 2
3.2.1. One-color adaptation
Experiment 2 was identical to Experiment 1, with one
exception. During the adaptation intervals, only one
screen color was associated with the presentation of
spatial patterns. Thus, when the screen was red, say,
there might be a 1 c/deg Gabor patch on the left and a
4 c/deg patch on the right. When the screen shifted to
green, it was homogeneous; no patterns appeared (Fig.
1B). Both the alternation of screen colors during adap-
tation and the sequence of test trials were otherwise
identical to those in Experiment 1. Both red and green
adaptation patterns were used in diﬀerent sessions. Data
for three subjects from the condition in which the ad-
aptation patterns appeared when the screen was red,
with 4 c/deg on the left and 1 c/deg on right, are shown
in the upper part of Fig. 4. Note that now the psycho-
metric functions for both red and green test trials are
shifted to the left. When the positions of the two red
adaptation gratings were reversed, both red and green
test gratings on the right side appeared lower in spatial
frequency, thus shifted to the right; see the lower panels
in Fig. 4. Adaptation to red luminance patterns, thus,
can produce a shift in the apparent spatial frequency of
green test stimuli if there is no countervailing adaptation
to green patterns of diﬀerent spatial frequencies.
Fig. 3. In this adaptation condition, the left pattern was 4 c/deg when the screen was red and 1 c/deg when the screen was green. Symbols and
conventions are otherwise identical to those of Fig. 1.
Fig. 4. In this condition, the adaptation patterns appeared only when the screen was red. When the screen was green, there was no pattern. In the
upper panels, the adaptation pattern on the left was 4 c/deg; in the lower panels, the left pattern was 1 c/deg during adaptation.
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We collected data on all four permutations of this
experiment: adaptation to red patterns with either 4 or 1
c/deg gratings on the left (in diﬀerent sessions), and
adaptation to green patterns with either 4 or 1 c/deg
gratings on the left. There were no signiﬁcant diﬀerences
associated with diﬀerent adaptation colors. The spatial
frequency shift in Experiment 2, averaged across all
conditions and all observers, was .45(:05 s.e.m.) when
the adaptation and test patterns were of the same color.
When they diﬀered in color, the average spatial fre-
quency shift was .31(:04 s.e.m.). Data from the four
conditions are shown separately in Table 2.
There are two additional points of interest in these
data. The ﬁrst is that the shifts in PSE are greater than
those in Experiment 1. When subjects were alternately
exposed to adaptation patterns of diﬀerent colors and
diﬀerent spatial frequencies in the same location, the
opposing adaptation reduced the shift observed for a
particular color but did not eliminate it. Without op-
posing adaptation to patterns of the other color, the full
eﬀect of the pattern adaptation could be observed. The
second notable point in Experiment 2 is that while PSEs
were shifted in the same directions for both colors re-
gardless of which color carried the adapting patterns,
the shift was almost always greater for test patterns of
the same color as the adapting patterns. In all four
conditions, test trials of the color not associated with a
pattern during adaptation showed a shift in the same
direction as that seen in test trials of the adaptation
color. Of those four conditions for the subjects tested,
the eﬀect was substantially larger for test patterns of the
same color as the adaptation pattern in all but one in-
stance (subject AK in the green 4 c/deg left, 1 c/deg right
condition).
From these data we deﬁne a color selectivity index,
CSI, which reﬂects the magnitude of the color-selective
portion of the shift as a proportion of the total shift. CSI
is calculated as:
CSI ¼ ðShiftS  ShiftDÞ=ShiftS
where ShiftS is the spatial frequency shift when test and
adaptation color are the same, and ShiftD is the shift
when test and adaptation color are diﬀerent. ShiftS is
typically the largest shift observed in any condition. The
CSI for Experiment 2 is 0.32, indicating that the color-
selective portion accounts for about a third of the total
shift. Note that this measure represents color selectivity
only for the particular pair of colors studied. We have
not yet examined the inﬂuence of either chromatic axis
or magnitude of color contrast on the degree of color
selectivity, but it would be surprising if there were none.
3.3. Experiment 3
3.3.1. Orientation transfer
In Experiment 3 we repeated certain conditions from
Experiments 1 and 2 with one modiﬁcation, namely,
that adaptation patterns were horizontal and test pat-
terns were vertical. The results were markedly diﬀer-
ent. When we used the two-color adaptation procedure
(Experiment 1), which isolates the color-selective sys-
tem, we found little or no transfer of adaptation across
orientations. Adapting to alternating 1 and 4 c/deg
horizontal luminance-varying gratings of diﬀerent colors
produces essentially no change in the apparent spatial
frequency of 2 c/deg vertical gratings of either color.
Data from subjects JH and JI are presented in Fig. 5.
Following adaptation to a green 1 c/deg pattern on the
left and 4 c/deg pattern on the right, alternating with a
red 4 c/deg pattern on the left and 1 c/deg pattern on the
right, the PSEs for JH were 2.00 for red and 2.09 for
green. For JI they were 2.02 and 2.02, respectively.
Compare these to the data shown in Figs. 2 and 3. The
lack of cross-orientation transfer implicates a cortical
origin of the color-selective adaptation eﬀect, since
marked orientation selectivity ﬁrst appears in V1 (Hubel
& Wiesel, 1962, 1968).
When we assessed cross-orientation transfer with a
single-color adaptation procedure (as in Experiment 2),
however, we found strong transfer from a horizontal
adapting pattern to a vertical test pattern. Subjects
adapted to a horizontal red grating of 1 c/deg on the left
and 4 c/deg on the right and matched the spatial fre-
quencies of both red and green vertical test gratings.
Results are presented in Fig. 6 (upper panels). PSEs in
this condition for JH were 2.34 (red) and 2.27 (green).
For JI, they were 2.26 (green) and 2.31 (red). When the
adaptation pattern was a horizontal green grating of 4 c/
Table 2
PSE from Experiment 2 (single-color adaptation)
Subject Red test Green test
Adaptation to red 1 c/deg on the left
JH 2.42 2.31
AK 2.39 2.25
RW 2.38 2.19
Mean 2.4 2.25
Adaptation to red 4 c/deg on the left
JH 1.65 1.78
AK 1.49 1.73
JI 1.63 1.77
Mean 1.59 1.76
Adaptation to green 1 c/deg on the left
JH 2.34 2.46
AK 2.26 2.6
JI 2.7 2.89
Mean 2.43 2.65
Adaptation to green 4 c/deg on the left
JH 1.73 1.62
AK 1.55 1.59
RW 1.79 1.71
Mean 1.69 1.64
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deg on the left and 1 c/deg on the right (lower panels of
Fig. 5), PSEs for JH were 1.83 (green) and 1.79 (red).
PSEs for JI were 1.77 (green) and 1.83 (red).
The amount of apparent spatial frequency shift found
using this single-color cross-orientation transfer proce-
dure was, on average, 58% of that for the corresponding
single-orientation procedures. The strength of the cross-
orientation transfer found in this condition was sur-
prising. When the two-color and one-color adaptation
results were compared, the CSI was 0.15, as compared
to 0.32 in the single orientation case. We ﬁnd little cross-
orientation transfer of the color-selective portion of the
adaptation eﬀect but quite substantial transfer of the
color-insensitive eﬀect.
3.4. Experiment 4
3.4.1. Interocular transfer
In Experiment 4, we again repeated several basic
conditions from the ﬁrst two experiments with one
major diﬀerence––the adaptation patterns were pre-
sented to one eye, while the test patterns were presented
to the other eye. When we used the two-color adaptation
procedure (i.e., adapting alternately to a 1 c/deg green
grating on the left and a 4 c/deg red grating on the same
side) in order to isolate the color-selective part of the
response, we found very little interocular transfer. Data
for two subjects are presented in Fig. 7. Adapting to
alternating 1 and 4 c/deg luminance-varying gratings of
diﬀerent colors produces little or no change in the ap-
parent spatial frequency of 2 c/deg gratings of either
color presented to the unadapted eye and no signiﬁcant
diﬀerence between the two colors. This nearly complete
lack of interocular transfer is particularly interesting
in light of the very substantial interocular transfer re-
ported for some other kinds of pattern-selective adap-
tation, such as the spatial-frequency-speciﬁc contrast
Fig. 6. Orientation transfer, one-color adaptation. Again, the adap-
tation patterns were horizontal, but test patterns were vertical. The
data shown in the upper panel represent sessions when the adaptation
pattern appeared only on a red screen and the pattern on the left was 1
c/deg. The lower panel data are from sessions when the left adaptation
pattern had a spatial frequency of 4 c/deg, and adaptation patterns
appeared only when the screen was green.
Fig. 7. Interocular transfer, two-color adaptation. Adaptation pat-
terns (1 c/deg green, 4 c/deg red on the left) were presented to one eye;
test patterns were seen only by the other.
Fig. 5. Orientation transfer, two-color adaptation. The adaptation
patterns were horizontal, but test patterns were vertical. The spatial
frequency of the left adaptation pattern was 4 c/deg when the screen
was red and 1 c/deg when the screen was green.
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adaptation reported by Blakemore and Campbell, 1969.
It is reminiscent, however, of the largely monocular
color-selective eﬀects described by McCullough (1965)
following adaptation to colored luminance-varying
gratings similar to the Gabor patterns we have used. The
PSEs for RW in this condition were 2.08 (green) and
2.04 (red), respectively; for JH they were 2.04 (green)
and 2.04 (red). Recall that the lack of orientation
transfer of the color-selective eﬀect strongly argues for a
cortical origin despite the lack of interocular transfer
shown in this task.
When we assessed interocular transfer using the sin-
gle-color adaptation pattern (e.g., 1 c/deg red on the left
and 4 c/deg red on the right, alternating with a green
blank ﬁeld), the results were quite diﬀerent. Test gratings
of both colors now appeared shifted away from the ad-
aptation frequency, and by nearly equal amounts. Data
are presented in Fig. 8. For JH in this condition, the
PSEs were 2.38 for red test gratings, and 2.33 for green.
For RW, the PSEs were 2.48 for red test gratings and
2.42 for green test gratings.
When the adaptation pattern was a 4 c/deg green
grating on the left and a 1 c/deg green grating on the
right, the PSEs for JH were 1.75 (green) and 1.77 (red),
respectively; for RW they were 1.69 (green) and 1.74
(red). The CSI, averaged across these conditions, was
only 0.11. The overall magnitude of the interocular
transfer, however, was 78% of that in the corresponding
binocular experiments.
The presence of strong interocular transfer implies a
cortical origin for this color-insensitive adaptation ef-
fect, since binocular input to individual neurons ﬁrst
occurs in V1. It contrasts markedly with the relative lack
of interocular transfer shown above for the color-selec-
tive eﬀect.
4. Control conditions
Several additional control conditions were run. The
ﬁrst was to determine whether subjects could accurately
match the spatial frequency of the test grating in the
absence of adaptation to a particular pattern. Fig. 9
presents psychometric functions from subjects AK and
JH, who matched both red and green 2 c/deg test grat-
ings following adaptation to alternating red and green
blank ﬁelds. In the absence of an adaptation pattern, the
PSEs did not diﬀer signiﬁcantly from the 2 c/deg spatial
frequency of the reference grating. They were 2.02 (red)
and 2.03 (green) for AK, and 2.02 (red) and 2.02 (green)
for JH. Thus, subjects can accurately match the spatial
frequencies of two gratings under the presentation
conditions we have used.
A second control experiment addressed the concern
that the eﬀective mean luminances of the red and green
patterns might not have been appropriately equated. We
repeated Experiment 1 using black-white patterns (with
the chromaticity of illuminant C) that diﬀered in mean
luminance. When the 4 c/deg adaptation pattern was on
the left, for example, the mean screen luminance was
high, and when the adaptation pattern was 1 c/deg, the
mean screen luminance was low. We used alternating
adaptation patterns that diﬀered by either 5% or 10% (in
diﬀerent sessions) in mean luminance. Test patterns
Fig. 8. Interocular transfer, one-color adaptation. The adaptation
patterns (1 c/deg on the left) were presented only when the screen was
red. Fig. 9. Spatial frequency matching in the absence of adaptation.
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matched either the higher or the lower luminance.
Under these conditions, we found essentially no eﬀect
for adaptation patterns that diﬀered in luminance by
either 5% or 10%. These luminance diﬀerences are sub-
stantially larger than would be expected from minor
errors in our estimates of individual sensation luminance
equations. Data from two subjects for the condition of a
10% luminance mismatch are shown in Fig. 10. When
the higher luminance was presented, the pattern on the
left was 4 c/deg; when the lower luminance was pre-
sented, the pattern on the left was 1 c/deg. No signiﬁcant
adaptation eﬀects were observed. Thus we conclude that
small mismatches in the eﬀective mean luminances of the
two colors are not responsible for the large adaptation
eﬀects we report.
An additional control experiment was prompted by
an interesting report by Durgin (1996), who examined
adaptation eﬀects related to apparent density of texture
patterns. Adaptation to a high-density texture causes a
subsequently-viewed pattern of a lower texture density
to appear to be still lower in density (Anstis, 1974),
analogous to the shift in apparent spatial frequency of
Blakemore and Sutton (1969). Durgin found that al-
ternating adaptation to high- and low-density achro-
matic textures in the same retinal position could produce
opposing aftereﬀects if the two adaptation patterns were
surrounded by frames that diﬀered in color. For exam-
ple, if the high-density texture were surrounded by a
blue frame and the low-density texture by a yellow
frame, the apparent shift in texture density of a test
pattern would be dependent upon the color of its sur-
rounding frame.
We wondered whether surrounding achromatic Gabor
patterns with colored frames would similarly produce a
shift in the apparent spatial frequency of subsequently-
viewed test patterns. We alternated between two sets of
achromatic adaptation patches surrounded by frames of
red or green, respectively. We found no indication of a
shift in apparent frequency conditioned upon the color
of the surrounding frame.
5. Discussion
The data we have presented demonstrate that the
analysis of luminance-varying patterns is partially se-
lective for color. Alternating adaptation between a
high-spatial-frequency red luminance pattern and a low-
spatial-frequency green luminance pattern produces
opposite eﬀects on the apparent spatial frequencies of
red and green patterns of intermediate spatial frequen-
cies presented at the same retinal locus. A similar re-
sult using alternating adaptation to luminance-varying
white–black and isoluminant red–green patterns was
taken by Favreau and Cavanagh (1981) to be evidence
of separate, independent luminance- and color-coding
mechanisms. By their logic, our results indicate the
presence of separate mechanisms coding luminance-
varying patterns of diﬀerent colors.
Our data also indicate that a color-insensitive mech-
anism participates in coding the spatial frequency of a
luminance-varying grating. When only a single adapta-
tion pattern was presented, whether red or green, the
apparent spatial frequencies of both red and green test
gratings shifted in the same direction. By comparing the
magnitude of the shift when the test and adaptation
patterns diﬀered in color to that when they were of the
same color, we estimated the relative contributions of
the color-selective and color-insensitive mechanisms to
this task. We found the color-selective eﬀect to be about
one-third of the total eﬀect. Thus, both color-insensitive
and color-selective mechanisms participate in the en-
coding of spatial frequency of luminance-varying pat-
terns, and the contribution of the color-insensitive
mechanism to the apparent spatial frequency shift is
approximately twice as great as that of the color-selec-
tive mechanisms under these conditions.
The widespread interest in the parallel pathways
embodied in the magnocellular (M) and parvocellular
(P) streams has led to an emphasis on the ways in which
they diﬀer and the diﬀerent functional roles they play.
One approach suggests that luminance-varying patterns
are analyzed predominantly by the M pathway and
Fig. 10. Spatial frequency matching following adaptation to patterns
presented at diﬀerent mean luminances. The mean luminances of the
two adaptation screens diﬀered by 10%. When the lower luminance
was present, the adaptation pattern on the left had a spatial frequency
of 1 c/deg; when the higher luminance was present, the spatial fre-
quency of the left adaptation pattern was 4 c/deg.
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emphasizes the role of the P pathway in the analysis of
color variations (Kaplan, Lee, & Shapley, 1990; Liv-
ingstone & Hubel, 1984, 1987, 1988; Shapley & Hawken,
1999). 1 At the same time, however, the P stream is also
described as being involved in the ﬁne analysis of form,
which is often based upon luminance contrast. A
somewhat diﬀerent theoretical approach describes P
neurons as multiplexing information about color and
luminance and argues that this system is deeply involved
in the analysis of and response to luminance-varying
patterns in general (e.g., De Valois & De Valois, 1975).
Although the contrast sensitivity of P neurons to lumi-
nance contrast is typically substantially lower than that
of comparable M neurons (Kaplan & Shapley, 1986), at
early levels of the system (e.g., retina and lateral geni-
culate nucleus) the number of P neurons is greater than
the number of M neurons by roughly a factor of 8
(Perry, Oehler, & Cowey, 1984). It has been argued that
what the P system lacks in terms of the sensitivity of
individual neurons, it makes up for by summation
across large numbers of cells (Sclar, Maunsell, & Lennie,
1990, though see Kaplan et al., 1990, for a counter ar-
gument).
One way to demonstrate the involvement of P (or K)
neurons in the analysis of luminance-varying patterns is
to show that the response to the pattern is color selec-
tive. Since M neurons have been shown to have the
spectral sensitivity function of the photopic spectral lu-
minous eﬃciency function Vk (Kremers, Lee, & Kaiser,
1992), they should show no color selectivity if the stimuli
of interest are equated in terms of luminance. However,
M pathway neurons respond to isoluminant chromatic
changes under some conditions (Lee, Martin, Valberg,
& Kremers, 1993), raising the question of whether color-
selective adaptation eﬀects could be occurring within
this system. The chromatic response reported in M
neurons does not appear to be color selective, however,
just color sensitive, but the essence of the eﬀect we have
demonstrated here is color selectivity. If the mechanisms
responsible for the eﬀect we have examined are at a level
at which M and P pathways are more or less distinct,
then, our data suggest that color-selective P pathway
neurons must be involved in the analysis of the spatial
properties of luminance-varying patterns.
Our data demonstrate that both color-selective and
color-insensitive mechanisms are involved in producing
a shift in apparent spatial frequency following adapta-
tion to a pattern of a single spatial frequency. This is
consistent with the clinical case reported by Rovamo
et al. (1982) in suggesting the existence of multiple in-
tensity-coding mechanisms, some of which are selective
for color.
One of the most interesting aspects of our data is the
lack of selectivity characteristic of the color-insensitive
mechanism. Not only is it non-selective for color; it
is also largely indiﬀerent to orientation and eye of ori-
gin. Both spatial frequency selectivity and interocular
transfer imply that the adaptation eﬀect has a cortical
origin, but the lack of orientation selectivity is surprising
in a mechanism that is clearly cortical. In their origi-
nal report, Blakemore and Sutton (1969) stated that
adapting to a horizontal grating produces no size af-
tereﬀect on a vertical test grating. Under certain condi-
tions (e.g., larger stimulus diameter), however, Heeley
(1979) later found cross-orientation transfer of the same
eﬀect when the orientations of adaptation and test
gratings were orthogonal. Our stimulus sizes were more
similar to those of Heeley (1979) than to those of
Blakemore and Sutton (1969).
Although some V1 neurons are indiﬀerent to orien-
tation (Hubel & Wiesel, 1968), they are a minority, and
we know of no reason to expect that the color-insensi-
tive mechanism would be instantiated in them. A more
intriguing possibility is that the color-insensitive re-
sponse reﬂects activity at a higher neural center that
shows partial object constancy. An ultimate goal of vi-
sion is to recognize a given object irrespective of local,
transient changes in its image. Ideally, an object should
be recognizably the same regardless of the spectral dis-
tribution of the illuminant, the object’s orientation, or
the eye in which the image appears. Although complete
object constancy would also include indiﬀerence to
magniﬁcation and translation, constancy may be built
up in stages. The color-indiﬀerent mechanism we have
examined may reﬂect an intermediate stage in the path
towards full object constancy.
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